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Diesel engine fuel injector faults can lead to reduced power, increased fuel consumption and greater exhaust 
emission levels and if left unchecked, can eventually lead to premature engine failure. This paper provides an 
overview of the Diesel, or compression ignition combustion process, and of the two basic fuel injector nozzle 
designs used in Diesel engines, namely, the pintle-type and hole-type nozzles. Also described are some common 
faults associated with these two types of fuel injector nozzles and the techniques previously used to 
experimentally simulate these faults. This paper also presents a recent experimental campaign undertaken using 
two different diesel engines whereby various fuel injector nozzle faults were induced into the engines. The first 
series of tests was undertaken using a turbo-charged 5.9 litre; Cummins Diesel engine whist the second series of 
tests was undertaken using a naturally aspirated 4 cylinder, 2.216 litre, Perkins Diesel engine. Data 
corresponding to different injector fault conditions was captured using in-cylinder pressure, and acoustic 
emission transducers along with both crank-angle encoder and top-dead centre reference signals. Using 
averaged in-cylinder pressure signals, it was possible to qualify the severity of the faults whilst averaged 
acoustic emission signals were in turn, used as the basis for wavelets decomposition. Initial observations from 
this signal decomposition are also presented and discussed. 
 
1. INTRODUCTION 
 
 Perhaps one of the most difficult ongoing technical challenges in the condition monitoring arena is the development and 
subsequent application of condition based maintenance (CBM) practices to Diesel (compression ignition) engines. As is widely 
known, CBM practices have led to reduced waste, improved machine availability and decreased maintenance costs but remain 
underutilised in diesel engine maintenance management. A major factor in this situation is the limited fault diagnosis 
capabilities inherent in commonly used engine monitoring techniques.  
 The push to apply CBM practices to Diesel engines has led to the continuing development of Diesel engine condition 
monitoring (CM) methods. In particular, acoustic emission (AE) based monitoring techniques are thought to have a great deal 
of potential in monitoring the condition of the critical combustion related Diesel engine components and possibly, delivering a 
suitable platform for the implementation of CBM practices to diesel engines.  
 As has been highlighted in [1], the above mentioned critical combustion related components are responsible for many 
serious engine problems. The critical components are; the fuel injectors, piston rings/cylinder wall liners, and the inlet and 
exhaust valves.  
 Fuel injector nozzles are responsible for delivering fuel into the combustion chamber with the correct spray pattern and 
droplet size. These factors ensure that mixing, effective evaporation and timely ignition all occur within the combustion 
chamber. All of these factors in combination are essential in ensuring overall combustion efficiency and engine performance. 
Fuel injector faults often lead to poor combustion, loss of power, excessive fuel use, undesirable emissions and if severe or left 
unchecked, premature engine failure.  
 Diesel engine fuel injector nozzles are broadly classified as either pintle-type nozzles or hole-type nozzles. Pintle nozzles 
have only one orifice and are used in Diesel engines having indirect combustion chamber designs. Hole-type nozzles, on the 
other hand, usually have between 4 and 10 holes and are used in engines having direct injection combustion chamber designs. 
 During the experimental investigation detailed in this paper, faults of varying severity were induced into fuel injector 
nozzles of both types. Two different engines were operated using the faulty injectors and the corresponding vibration and 
acoustic emission signals were recorded, as were pressure, crank-angle encoder and top-dead centre reference signals.  
 
 
2. COMPRESSION IGNITION COMBUSTION  
 
 In the compression ignition combustion process, injection of fuel into the combustion chamber marks the commencement of 
the combustion process. This ignition process consists of four distinctly recognizable stages [2]. These stages are; the ignition 
delay period; the kinetic or premixed stage; the diffusion burning stage and finally, the end burning stage  
 
 
 
2.1 The Stages of Combustion 
The first stage of combustion, the ignition delay period, lasts from the start of fuel injection to the commencement of heat 
release. During this period the injected fuel must vaporise and mix with the hot, pressurized air so that the chemical reactions 
needed for spontaneous ignition to occur. Fuel droplet size, velocity and air swirl within the combustion chamber are all 
critical physical factors in these early stages of the combustion process.  
As the fuel vaporizes and mixes with the air, areas within the combustion chamber develop a stoichiometric air/fuel mixture 
and spontaneous ignition can now occur in these areas. This marks the start of the premixed or kinetic combustion stage. This 
stage is typified by rapid combustion and high heat release and pressure rise rates. The speed at which the premixed stage 
proceeds is controlled by chemical kinetics [2].  
After the rapid combustion of the premixed stage, the heat release rate decreases as the available regions of spontaneously 
ignitable air/fuel mixture are used up. This particular point of the combustion cycle marks the start of the diffusion burning 
stage. During the diffusion burning stage, fuel continues to be injected into the combustion chamber and mix with the 
remaining air and burn in a controlled, gradual manner.  
As the chemical kinetic rates are much faster than the rates at which mixing and diffusion occur, the overall combustion rate 
is controlled by the rate at which fuel is injected into the combustion chamber [2]. The diffusion burning stage continues until 
the end of fuel injection.  
Once the fuel injection is complete, any remaining fuel will mix with air and burn. This is the fourth stage of combustion, 
and is known as the end burning stage. Figure 1 shows the four combustion stages in terms of cylinder pressure and crank 
angle. 
 
 
Figure 1: Diagram showing the four combustion stages with respect to cylinder pressure [3, 4] 
 
2.2 Factors Affecting Combustion 
The combustion process is governed by a number of complex physical and chemical factors. The primary chemical factors 
are the composition of the fuel and its associated self ignition characteristics and the cylinder temperature [2]. The major 
physical factors are [5] [6] [2]: 
 Injection timing 
 Injection duration 
 Degree of atomisation and droplet size 
 Droplet velocity and air swirl 
 Distribution of fuel within chamber 
 Mass of fuel injected relative to crank-angle  
 Total fuel injected relative to engine load 
  
All the factors pointed out directly or partially relate to the fuel injection process. During the delay period for example, the 
injection timing, spray pattern and associated droplet size are essential in ensuring effective evaporation and timely ignition.  
 If the delay period continues for to long, excessive amounts of fuel could combust during the premixed phase. This could 
lead to high cylinder pressures, high heat release rates and a condition known as “Diesel knock”.  
 As combustion progresses factors such as fuel distribution within the chamber, ignition timing and the mass of fuel injected 
relative to crank-angle all become critical in ensuring efficient combustion throughout the entire combustion process.  
 
 
2. DIESEL ENGINE FUEL INJECTOR NOZZLES 
 
The previous section briefly outlined the importance of fuel injection with regards to effective compression ignition 
combustion. This section introduces the mechanical component responsible for delivering fuel into the combustion chamber, 
the diesel engine fuel injector nozzle.  
Fuel injector nozzles are crucial in ensuring the fuel delivered into the combustion chamber having optimum atomisation 
distribution, and discharge progression relative to crank-angle [6]. 
Diesel engine fuel injector nozzles are generally classified as being of a pintle or hole-type design. Pintle-type injector 
nozzles are typically used in diesel engines having an indirect injection (IDI) combustion chamber designs whist hole-type 
injector nozzles are used in engines having direct injection (DI) designs. 
 
2.1 Pintle-Type Injector Nozzles 
 Pintle injector nozzles all have the same basic design [6] shown in Figure 2(A). As can be seen, the nozzle body (1), houses 
the nozzle needle (2). During injector operation, fuel flows via the inlet port (3) into the pressure chamber (4). A spring holds 
the injector closed by forcing the needle against the needle seat (5) but as the pressure within the pressure chamber increases, it 
acts upon the pressure shoulder (7) and when it reaches a set level, forces the needle off the seat.  
 As the nozzle needle is lifted off the nozzle seat, fuel flows out through the nozzle orifice, over the pintle (6) and into the 
combustion chamber. The function of the pintle is to form the fuel spray into a cone shape [7]. Nozzle needles that are operated 
by the pressure within the pressure chamber are commonly referred to as being pressure-controlled.  
 
         
         (a)       (b) 
 
Figure 2: Sketches showing basic Diesel fuel injector nozzle designs for (a) a pintle-type nozzle and (b) a hole-type nozzle  
 
2.2 Hole -Type Injector Nozzles 
 Instead of a single orifice, hole-type nozzles employ a number of holes in the nozzle tip to produce multiple fuel sprays 
within the combustion chamber. Typical hole-type nozzles have between 4 and 10 holes with diameters measuring a fraction of 
a millimetre. Hole-type nozzles are generally incorporated into fuel injection systems as nozzle-holder assemblies, unit 
injectors or as common-rail injector units [6]. Hole-type nozzle-holder assemblies and unit injectors systems utilise nozzle 
needles that are pressure-controlled. That is, they are actuated in a similar fashion to the pintle-type nozzle needles described 
previously.  
 Figure 2(b) shows a hole-type nozzle design and as is seen, the nozzle needle (1) is housed within a nozzle body (2) and is 
held against the seat (4). Fuel flows via the inlet port (7) into the pressure chamber (6) and as the pressure increases it acts 
 
 
upon the pressure shoulder (3). Once pressure within the pressure chamber reaches the pre-determined level, the needle is 
lifted off the seat, fuel then flows out through the holes in the nozzle tip into the combustion chamber. 
 Hole-type nozzle needles used in common-rail systems differ however, as they are actuated electronically through the use of 
solenoid or piezoelectric actuators. Hole-type nozzle needles operated in this fashion are referred to as being lift-controlled [8]. 
The ability to be electronically controlled means that common-rail fuel systems are very flexible in terms of control over the 
fuel injection process.  
 
 
3. INJECTOR NOZZLE PROBLEMS AND SIMULATED FAULTS 
 
 Typical pintle nozzle faults include distorted fuel spray, excessive fuel drip caused by leaking nozzle needles and incorrect 
needle opening pressure. Distorted fuel sprays are usually the result of damage to the nozzle pintle or a build up of foreign 
material near the nozzle orifice whist leaking nozzle needles often result from damage or a build up of material on the needle 
or needle seat.  
 An incorrect needle opening or “cracking” pressure can often result from a fatigued or damaged spring which no longer 
applies the correct amount of force to hold the nozzle needle closed. This type of fault can lead to early fuel injection or 
excessive fuel drip 
 Hole-type nozzle faults include distorted fuel spray, excessive fuel drip needles incorrect needle opening pressure and 
reduced fuel flow through nozzle holes. The causes for these problems are similar to the causes mentioned above. Distorted 
fuel sprays are usually the result of damage or a build up of foreign material on the nozzle holes whist leaking nozzle needles 
often result from damage or material build up on the needle or needle seat.  
 Various injector fault simulations have been undertaken during previous studies. Table 1 highlights some of the injector 
nozzle fault simulation techniques used previously. As can be seen, the fault simulation methods have included total injector 
failure, or misfire, blocked injector holes and the reduction of the needle spring force. 
 
 
Table 1: Reference list showing simulation methods for various diesel engine faults 
Reference Engine Simulated Faults Details 
 
[9, 10, 11, 12] 
Large 4 cylinder, two-stroke
marine Diesel 
Cylinder misfire Misfire simulation carried out by 
Turning off fuel injection to cylinder  number one
 
[13, 14] 
Small naturally aspirated 
four-stroke, twin cylinder  
Diesel engine 
Blocked fuel injector 
 
 
Poor fuel atomisation 
 
One of four holes in the fuel injector nozzle was 
blocked 
 
Fuel injector with faulty atomization pattern was 
used  (Nozzle had a “slight dribble”) 
 
 
[15] 
Small naturally aspirated 
four-stroke, twin cylinder  
Diesel engine 
Incorrect fuel injection One of four holes in the fuel injector nozzle was 
blocked 
 
 
[16] 
Small naturally aspirated 
four-stroke, four cylinder  
Diesel engine 
Injector Fault 
(spring fatigue) 
 
 
Injector pressure was changed by inserting shims 
under the pressure spring (injector discharge 
pressures used were 225 bar, 195 bar and 
150 bar – normal pressure is 240 bar) 
 
 
4. EXPERIMENTAL CAMPAIGN 
 
 The experimental campaign detailed in this paper involved inducing injector faults of varying severity into two different 
engines. The first series of tests was undertaken at Queensland University of Technology using the Biofuels Engine Research 
Facility (BERF) shown in Figure 3. The second series of tests was also undertaken at Queensland University of Technology 
using the Diesel Fault Test Rig (DFTR) shown in Figure 4. 
 
4.1 Experimental Procedure 
 As mentioned above, the first series of tests was undertaken using the BERF. This facility consists of a 5.9 litre, turbo-
charged Cummins diesel engine coupled to a Froude water dynamometer. The Cummins diesel engine has a direct injection 
combustion chamber design with a common rail fuel system and so uses electronically actuated hole-type injectors.   
 In order to carry out the required tests two standard, nominally identical replacement injectors were damaged and tested in 
order to ascertain the resulting level of damage. The first damaged injector had a nominal damage level of 20% whist the 
second injector had a nominal damage level of 80%.The simulation of these faults is described in detail in Section 4.3. The 
relevant test parameters and settings as well as the completed datasets for the first series of tests are shown in Table 2.  
 
 
  
              Figure 3: The Biofuels Engine Research Facility               Figure 4: The Diesel Fault Test Rig 
 
Table 2 
Table showing relevant test parameters and settings for the first series of tests using the Cummins diesel engine 
 
Engine RPM 
 
Nominal Load 
Completed Tests 
Normal Running 20% Fault 80% Fault Full Misfire 
 
1500 
Half     
Full     
 
2000 
Half     
Full     
  
The DFTR, used for the second series of tests, consists of a naturally aspirated 4 cylinder, 2.216 litre, Perkins diesel engine 
coupled to an Olympian 415 Volt, three-phase alternator. This engine has an indirect injection (IDI) combustion chamber 
design and so uses pintle-type injector nozzles with pressure-controlled nozzle needles. 
 For this second series of tests two faulty injectors were also used. The first damaged nozzle had a badly damaged pintle, 
whist the second injector nozzle had a pintle with incorrect geometry. These faults are described in further detail in Section 4.3. 
The relevant test parameters and settings as well as the completed datasets for the second series of tests are shown in Table 3. 
 
Table 3 
Table showing relevant test parameters and settings for the second series of tests using the Perkins diesel engine 
Nominal 
Engine RPM 
Nominal 
 Load 
Completed Tests 
Normal Running Damaged Pintle  Incorrect Pintle  
 
 
1500 
None     
5kW    
10kW    
15kW    
  
4.2 Data Acquisition 
 Two data acquisition systems (DAQ) were used to record the desired data. The first DAQ was used to capture pressure, 
vibration, encoder, TDC and AE rms data. This system utilised Labview software therefore for ease of reference, this system 
is referred to as the Labview system. The second DAQ system being primarily used for recording AE was simply referred to 
as the AE system.  
 The Labview DAQ used consisted of a Toshiba laptop computer and PCMCIA DAQ card which were in turn connected to 
a National Instruments, BNC 2120 I/O connector. TDC and encoder cables both connected directly to the BNC 2120 I/O 
connector.  
 
 
 The AE signal, picked up using a PAC MICRO-30D sensor, first passed through a PAC 2/4/6 Preamplifier before being 
converted into a RMS signal using a PAC AE5A signal amplifier. The vibration and pressure signals passed through an 
analogue low pass filter and amplified before also being connected to the BNC 2120 I/O connector. Figure 5 shows a 
schematic representation of this data acquisition setup. 
 
 
 
 
Figure 5: Schematic diagram showing the Labview data acquisition system. 
 
 
 AE signals were acquired on the Cummins engine using PAC 15α sensors whist PAC MICRO-30D sensors were used to 
record AE signals from the Perkins engine. In both cases, AE signals were amplified using PAC 2/4/6 preamplifiers before 
being recorded and digitised using a PAC MicroDisp AE DAQ system and a Toshiba laptop computer. TDC and encoder 
signals were also recorded using the AE DAQ. This data acquisition setup is shown schematically in Figure 6. 
 During the first test campaign both the AE and vibration transducers were positioned on the front face of the Cummins 
engine with the closest cylinder being cylinder number one. The first AE sensor was placed on the engine block while the 
second AE sensor was placed on the cylinder head. For the second test campaign the vibration transducer was positioned on 
National 
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the front face of the engine whist an array of four AE sensors were mounted on the cylinder head in close proximity to the four 
cylinders. These sensor positions are shown in Figure 7(a) and (b).  
 
 
 
Figure 6: Diagram showing the AE data acquisition system  
 
    
   (a)       (b) 
Figure 7: Transducer positions on (a) the Cummins engine and (b), the Perkins engine  
 
4.3 Simulated Injector Faults 
As briefly detailed in Section 4.1, the first series of tests was undertaken using the Cummins diesel engine. This engine has a 
common-rail fuel system and so uses electronically actuated hole-type injectors.  The simulated fault selected for this first 
series of tests was a reduction in injected fuel flow through the nozzle due to damage or material build-up on the nozzle tip. 
AE sensor 
Pressure sensor Accelerometer
 
 
 In order to carry out the required tests two new, nominally identical replacement injectors were damaged using a wire wheel 
and tested at a commercial injector testing facility in order to ascertain the resulting injector fault level. The first damaged 
injector had a fuel flow level 20% below the acceptable nominal valve whist the second injector had a fuel flow level 80% 
below the nominal valve. These were therefore referred to as the 20% damaged injector and the 80% damaged injector.  
 Figure 8(a) shows an original undamaged injector with a pen tip for comparison.  Figure 8(b) shows a close up photograph 
of one of the nozzle holes with a human hair for comparison. Figure 9(a) shows a damaged injector with a pen tip for 
comparison and a close up photograph of a damaged nozzle hole with a human hair for comparison. Of note is the sharp, 
undamaged edge of the holes seen in Figure 8. The edges of the holes shown in Figure 9 however have been severely rounded 
thereby affecting both the fuel flow rate and the spray pattern. 
 
 
   
 
(a)        (b) 
 
Figure 8: The original undamaged injector with a pen tip for comparison (a) and a close up photograph of a 
nozzle hole with a strand of human hair for comparison 
 
 
 
   
 
(a)        (b) 
 
Figure 9: A damaged injector with a pen tip for comparison (a) and a close up photograph of a damaged 
nozzle hole and a strand of human hair for comparison 
 
 
The second series of tests was undertaken using the four cylinder, 2.216 litre, Perkins diesel engine described previously. 
This engine has an indirect injection (IDI) combustion chamber design and uses pintle-type injector nozzles. Figure 10(a) 
shows the original injector nozzle tip whist Figure 10(b) shows a close up of the undamaged pintle. Of particular note is the 
undamaged pintle geometry 
Two simulated nozzle faults were selected for the second series of tests. These faults were; a nozzle with a badly damaged 
pintle, and a nozzle having incorrect pintle geometry. Figure 11(a) shows the badly damaged pintle whist Figure 11(b) shows a 
close up of the pintle with incorrect geometry.  
 
  
  (a)        (b) 
Figure 10: The original undamaged injector with a mechanical pencil tip for comparison (a) and (b) a 
photograph showing a close up of the pintle  
 
 
  
 
(a)       (b) 
 
Figure 11: A close up showing the badly damaged pintle (a) and the pintle having incorrect geometry (b). 
 
 
5. PRELIMINARY RESULTS 
 
In order to ascertain the effect that the different injector faults were having in terms of combustion, averaged pressure traces 
corresponding to different fault conditions were produced using approximately 60 engine cycles. These averaged pressure 
traces are shown in Figure 12(a) and (b). 
As seen, Figure 12(a) shows the fault progression of averaged, in-cylinder pressure traces from the Cummins engine 
operating with a normal fuel injector nozzle, nozzles with the small and large faults, and with a full misfire. The area between 
the misfire curve and the fault curves can be used to qualify the reduction in engine power based on the reduction of the area 
under the pressure curve. As expected, as the fault severity level increases, engine power decreases. 
 
 
Figure 13(b) shows the progression of averaged, in-cylinder pressure traces from the Perkins engine operating with a normal 
fuel injector nozzle, and with the faulty nozzles described in Section 4.3. As seen power output unexpectedly appears to 
increase. The reason for the unexpected increase in power output is not known.  
 
 
 
(a)        (b) 
 
Figure 12: Plots showing average cylinder pressure for (a) the hole-type injector tests and (b) the pintle-type injector tests  
 
 
 A five-stage, discrete wavelets transform (DWT) using a Daubechies (Db4) wavelet was then performed on averaged AE 
signals corresponding to the different fault conditions.  The signal decomposition resulted in a low-pass signal approximation 
(a5) and five levels of high-pass signal details (d1 to d5).  
 Figure 13 shows a plot of the approximations (a5) which correspond with the four different fault conditions. The good 
injector approximation, plotted about zero on the amplitude axis, is shown in blue. The small injector fault approximation 
shown in pink, has been plotted about -0.4 on the amplitude axis whist the large injector fault approximation has been plotted 
about -0.8 and the misfire approximation, shown in red, has been plotted about -1.2 on the amplitude axis. A similar 
descending order has been used in Figure 16(a) to (e) when plotting the decomposition details.  
 The brown rectangle in Figures 13 and 14(a) to (e) highlight the combustion region of the cylinder of interest. As can be 
expected, a progressive decrease in signal strength is seen between the small fault, big fault and misfire approximations 
however an unexpected increase in signal strength is seen between the good injector and small fault approximations. A similar 
trend can be observed in all of the detail plots. It is also noted that an unexpected event occurs during the combustion stroke of 
the small fault test. As highlighted by the dashed oval in Figure 14 (d), this event appears most obvious in the d2 plot.  
 
 
 
Figure 13: Approximations (a5) plot from the hole-type injector nozzle fault tests - full load, 1500rpm 
 
 
Figure 14 (a): Details plot (d5) plot from the hole-type injector nozzle fault tests - full load, 1500rpm 
 
 
 
Figure 14 (b): Details plot (d4) plot from the hole-type injector nozzle fault tests - full load, 1500rpm 
 
 
 
 
 
Figure 14 (c): Details plot (d3) plot from the hole-type injector nozzle fault tests - full load, 1500rpm 
 
 
 
Figure 14 (d): Details plot (d2) plot from the hole-type injector nozzle fault tests - full load, 1500rpm 
 
 
 
 
Figure 14 (e): Details plot (d1) plot from the hole-type injector nozzle fault tests - full load, 1500rpm 
 
 
 Figure 15 shows a plot of the approximations (a5) which correspond with the three different pintle-type nozzle fault 
conditions. The undamaged nozzle approximation has been plotted about zero on the amplitude axis and is shown in blue. The 
pintle geometry fault approximation shown in pink has been plotted about -0.4 on the amplitude axis whist the worn pintle 
approximation has been plotted about -0.8 and is shown in red.  
 Once again, the brown rectangle highlights the combustion region of the cylinder of interest and a similar descending 
plotting order has been used in Figure 16(a) to (e) when plotting the decomposition details. The details plotted in Figures 16 
(a) to (e) do not appear to show any definitive trends regarding the different pintle nozzle faults. This could be due to the very 
subtle nature of the induced faults.  
 Of note however is the changing amplitude ratio that occurs between the combustion region highlighted by the brown 
rectangle and the portion of the plots highlighted by the blue oval in Figures 16 (a) to (e). The region highlighted by the blue 
oval corresponds with mechanical events occurring at cylinder four.  
 
Figure 15: Approximations plot (a5) from the pintle-type injector nozzle fault tests  
 
 
 
 
Figure 16 (a): Details plot (d5) from the pintle-type injector nozzle fault tests  
 
 
 
 
Figure 16 (b): Details plot (d4) from the pintle-type injector nozzle fault tests  
 
 
 
 
 
 
Figure 16 (c): Details plot (d3) from the pintle-type injector nozzle fault tests  
 
 
 
 
Figure 16 (d): Details plot (d2) from the pintle-type injector nozzle fault tests  
 
 
 
 
Figure 16 (e): Details plot (d1) from the pintle-type injector nozzle fault tests  
 
6. CONCLUSIONS AND FUTURE WORK 
 
During the hole-type nozzle tests, an expected decrease in signal strength between the small fault, big fault and misfire 
conditions was observed. Plots of the decomposition details all displayed a similar trend which suggests that acoustic emission 
generated by hole-type injector nozzles is of a broad nature in terms of frequency range however the unexpected event 
highlighted in Figure 14 (d) suggests that some events may have distinctive frequency characteristics. Further analysis is 
required in order to support this observation. 
 Three different pintle-type nozzle fault conditions were also simulated and due to the very subtle nature of the induced 
faults, initial observations do not appear to show any definitive trends regarding the different pintle nozzle faults. However a 
change in amplitude ratio between the combustion region and the region that corresponded with mechanical events occurring 
at cylinder four was observed. This trend suggests that a relationship between AE generated by mechanical events and 
combustion may exist.  
 The initial observations presented are clearly not conclusive in nature therefore continuing analysis will seek to further 
investigate wether quantifiable frequency characteristics exist. The continuing analysis will also seek to define and quantify 
the trends highlighted in the previous section.  
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